Using real-time re-programmable signal processing we connect acousto-optic steering and back-focal-plane interferometric position detection in optical tweezers to create a fast feedback controlled instrument. When trapping 3 µm latex beads in water we find that proportional-gain position-clamping increases the effective lateral trap stiffness ~13-fold. 
Feedback control has been employed at the nanoscale to confine single molecules in fluorescence studies 1, 2 , to maintain constant force or torque in optical tweezers experiments 3, 4 , and to control atomic force microscope tips 5 . A constant-tension assay is indispensable in the study of molecular motor mechanisms and has traditionally been achieved by analog circuitry 6 or slow stage-based control 7, 8 .
Few reports on the real-time position-clamp control of optically trapped particles have been published. Simmons et al. 6 reported a 400-fold improvement in trap stiffness using feedback control, while simulations by Ranaweera et al. 9 using nonlinear control estimated the achievable stiffness increase to be 65-fold. Wulff et al. 10 used steering mirrors for feedback control, and were able to reduce the low-frequency (<100 Hz)
fluctuations. However, Wulff et al. used the trapping beam for position-detection, potentially contaminating the position detection signal with cross-talk from steering.
We provide an experimental and theoretical description of proportional-gain feedback controlled optical tweezers. We control the position of an optical trap in real-time based on position detection signals from a stationary detection laser. An independent out-ofloop detection laser provides an unbiased verification of bead position.
Our optical tweezers are built on an air-damped To track microsphere position we use two independent detection channels in the backfocal-plane interferometric configuration 12 . Temperature-stabilized optically isolated diode lasers at 830 nm and 785 nm were chosen to achieve high bandwidth using Si 
where β is the drag-coefficient, k the trap stiffness, x the bead position, and x trap the trap position. F T is a thermal noise term with zero mean and a constant PSD of
In proportional-gain feedback control the trap is steered so that ( )
where x set is the loop set-point, K p is the feedback gain, and τ accounts for a delay in position measurement and trap steering. Inserting Eq. (2) into Eq. (1) the PSD for a proportional-gain position-clamped bead with x set = 0 can be obtained:
This PSD exhibits a resonance peak at f ≈ 1/(4τ) when K p is high, but reduces to the Lorentzian form when feedback control is switched off, i.e. K p = 0. Using the equipartition theorem we define the effective trap stiffness
which is used to characterize our position-clamp. Here The instrument was calibrated at zero gain as described in 18 . Latex beads (3 µm diameter, Micromod) were trapped with a constant trapping laser power (500 mW) in water at room temperature. Both detection lasers were focused to the same point, and a trapped bead was centered in the detection area. Bead and trap position data was then recorded while the feedback gain was increased from K p = 0 to K p = 24.8, after which trapping became unstable. Signals from the 785 nm laser (not shown) were used for feedback control, while the independent out-of-loop data from the 830 nm laser was analyzed. Bead position histograms and PSDs for representative K p values are shown in Fig. 2 and 3 . Each of the histograms is well approximated by a single Gaussian. The fits indicate that the effective trap stiffness increases from 26 pN/µm at K p = 0 to a maximum of 340 pN/µm at K p = 16. The PSD at zero gain shows a Lorentzian shape (Fig 3) . In agreement with the prediction of a resonance at f ≈ 1/(4τ), a peak at ~12 kHz appears at high gains. To compare the theoretical PSD, Eq. (3), to the experimental data we first determined β and k from a fit to the zero-gain PSD and then estimated τ ≈ 19 µs from a fit to the data with the highest gain. Theoretical PSDs for 0 < K p < 24.8 were then plotted, without free parameters, and agree well with experimental PSDs (Fig. 3, solid lines) .
Finally we determined eff k as a function of K p from the histogram fits, and alternatively by integrating the PSDs (Fig. 3, inset) . A comparison to a prediction obtained by 
